Inhalation of various essential oils elicits behavioral changes as a consequence of a complex centrally coordinated response. To understand the molecular mechanisms of action of aromatic compounds on emotional responses, we evaluated the stress-induced changes in mouse brain and the efficacy of inhaled essential oil from Lavandula officinalis (LvEO) using two approaches: a behavioral test, and examining the expression levels of selected genes {fast nerve growth factor receptor (NGFR) mRNA, activity regulated cytoskeletal-associated protein (Arc) mRNA} and proteins {galactokinase 1 (GLK1) and brainderived neurotrophic factor (BDNF)}. Animals were randomly divided into 4 groups depending on the treatment given: stress (-)/H 2 O, stress (-)/LvEO, stress (+)/H 2 O, and stress (+)/LvEO group. For behavioral testing, using an elevated plus-maze test, significant anxiolytic-like effects were seen in both the stress (-)/LvEO and stress (+)/LvEO groups, indicating that LvEO exerts anxiolytic-like effects regardless of the administration of water immersion stress. On expression analysis, the levels of NGFR and Arc mRNA were significantly lower in animals subjected to stress. Inhalation of LvEO, however, reversed this change, thus suggesting that LvEO negates the impact of stress on gene expression levels. Meanwhile, significant decreases in expression levels were also observed in the stress (-)/LvEO group, which implies that LvEO, when given in a stress-free situation, may act as a stress stimulus. Taken together, our data suggest that inhalation of LvEO exerts bidirectional influences in the central nervous system (CNS) of animals, either attenuating the effects of stress or acting as a stressor, depending on the subject state.
Exposure to various stimuli that act as stressors (hereafter called "stress") triggers changes in cognition, autonomic function, endocrine activity, and in emotional behavior, and there is accumulating evidence that these stress-induced alterations involve expressional differences in specific genes and proteins. Increased expression levels of the immediate early gene, c-fos, for example, has been used extensively as a marker for neural activation in response to acute and chronic stressful stimuli in brain. Studies to elucidate the role of these neural substrates, also referred to as "stress markers", in stress-related diseases have been widely performed in recent years.
Meanwhile, it has been reported that inhalation of various scents also elicits behavioral changes as a consequence of a complex centrally coordinated response. Owing to advances in the study of ethnopharmacology, with development of various experimental systems, centrally acting compounds are often validated using behavioral approaches, such as the elevated plus maze (EPM) test and open-field (OF) test. Sedative [1] , anticonvulsant [2] and anxiolytic-like properties [3, 4] of inhaled lavender oils, one of the oldest and most familiar essential oils in the world, have been thoroughly validated using this approach. Our group also performed a series of EPM tests to evaluate the anxiolytic-like effects of essential oils from various species of Lavandula and found that there was a significant interspecies difference in behavior due to qualitative and quantitative variations in chemical composition [5] .
As the behavioral test is relatively simple and can detect the activity of existing standard agents in a quantitative manner, it plays a significant role in validating many CNS drugs, including such cases in the process of new drug development [6] . However, because it is a system of evaluating behavioral changes that occur as an end product of a series of changes in the brain, it gives little information on how these changes occur. In other words, to understand further the mechanisms of action of aromatic compounds, it is critical that behavioral tests be performed in parallel with careful observation of physiological changes.
Under these circumstances, application of the aforementioned "stress markers" and changes in their expressional levels after stress exposure to validate the effects of essential oil inhalation have been of particular interest. To date, it has been reported that certain essential oils [7] [8] [9] and coffee aroma [10] enhance the expression level of c-fos. Masuo et al., in their examination of 17 genes and 25 proteins, showed that the aroma from roasted coffee beans modified expression levels of certain mRNAs and proteins [11] . The results of these studies suggest that expression levels of these molecules offer an indirect means to assess the aroma-induced changes associated with CNS function.
We, therefore, set out in this study to evaluate the stress-induced changes in mouse brain and the efficacy of inhaled lavender essential oil (LvEO) on these changes, using two approaches: the conventional behavioral test and examining the expression levels of certain molecules. Specifically, we examined the expression levels of two genes, fast nerve growth factor receptor (NGFR) mRNA and activity regulated cytoskeletal-associated protein (Arc) mRNA, and two proteins, galactokinase 1 (GLK1) and brain-derived neurotrophic factor (BDNF), using reverse transcriptase-polymerase chain reaction (RT-PCR) and immunohistological techniques, respectively. Genes and proteins utilized in this study were selected from a list of molecules that have shown changes in response to stress and olfactory stimulation with coffee aroma [11] .
Results from behavioral tests are summarized in Figure 1 . In this test, a total of 20 mice were divided into 4 groups (n=5 each) depending on exposure to water immersion stress and to LvEO. In the figures, the EPM results of each group, that is, stress (-)/H 2 Although there was a similar tendency observed in total distance travelled, it was not statistically significant, indicating that the increase in anxiolytic-like parameters was not secondary to the increase in motor activity [12] . Based on these findings, it can be concluded that the inhaled LvEO exerts anxiolytic-like effects in animals, irrespective of the presence or absence of stress exposure. Interestingly, the anxiolytic-like effects caused by LvEO were more pronounced in the stress-administered group. More precisely, the rate of increase that LvEO caused in time spent on the open arms was 206.1% without stress vs. 244.8% with stress. The rate, in % visits to the open arms, was 160.3% without stress vs. 233.7% with stress. This suggests that the anxiolytic-like effects of inhaled LvEO are more prominent when the subject is under a certain amount of stress.
Analysis of gene and protein expression was then performed using a total of 16 mice, randomly separated into 4 groups (n=4 each), as described previously. The results are presented in the same manner as EPM results. NGF, nerve growth factor, is known to be a major secreted protein that is critical for the survival and maintenance of neuronal cells. NGFR is a receptor with which NGF binds and exerts its effects [13, 14] . Our experimental results showed that the expression levels of NGFR mRNA, as shown in Fig 2A, were significantly lowered in animals to which water immersion stress was administered. Inhalation of LvEO, however, reversed this change and exceeded the level in animals that were exposed to neither stress nor LvEO.
Activity regulated cytoskeletal-associated protein, Arc, is a member of the immediate early genes and encodes a protein that is critical for neural plasticity, and thus, for memory consolidation [15] . In our experiment, the expression level of this gene, as shown in Fig 2B, exhibited a similar pattern of change as NGFR mRNA. Thus, levels were depressed by water immersion stress, but reverted to control levels after inhalation of LvEO. The changes observed in NGFR and Arc expression levels after either stress or LvEO exposure were syntonic with the results by Masuo et al., who examined the changes in expression levels with stress and aroma from roasted coffee beans [11] . Our results, together with the findings of previous studies, suggest that administration of either LvEO or coffee aroma stimulation negate the impact of stress challenge on gene expression levels, resulting in a reduction in stress.
An interesting and unexpected result obtained in this analysis was the change observed in gene expression levels of animals in the stress (-)/LvEO group. Expression levels of NGFR and Arc mRNA in these animals were both significantly reduced when compared with those in controls (stress (-)/H 2 O). This suggests that the inhalation of LvEO, when given to animals under stress-free conditions, may actually play a role as a stressor. Meanwhile, the behavioral results of animals in the stress (-)/LvEO group (presented in Fig 1A and B ) showed significant anxiolytic-like changes. In other words, although LvEO works as a stressor to the animals under stress-free condition, it produces a positive outcome behaviorally. This change caused by LvEO, therefore, meets the definition of what Hans Selye referred to as "eustress" (positive response to a stressor) [16, 17] .
Gene expression analysis thus showed that inhalation of LvEO may work differently depending on whether the subject is under stress; it 
Efficacy of inhaled lavender oil on stress-induced changes in mouse brain Natural Product Communications Vol. 7 (11) 2012 1541 causes anxiolytic-like effects by counteracting the impact of stress while, at the same time, it can elicit the similar behavioral changes by acting as a stressor when the subject is free from stress. In fact, induction of c-fos, which is considered responsive to a wide range of stressors, was observed in a study using the scent of grapefruit and lavender essential oil [18] , which supports our findings. Aloisi et al., in their study of lemon oil efficacy in rats exposed to pain stimuli, showed that the oil abolished the formalin-induced increase in c-fos levels [8] . In this way, our finding that LvEO may have a bidirectional impact on the CNS in animals is supported by these previous studies. These results remain tentative, however, until further evidence become available.
We then performed analysis to quantify the expression levels of two proteins, and the results are summarized in Figure 3 .
Galactokinase 1, GLK-1, is an enzyme that catalyzes a reaction in the Leloir pathway, a process in galactose metabolism. Its role, not only in energy metabolism, but also as a transcriptional regulator that responds to various stimuli, has received interest in recent years [19, 20] . In the previous study, it has been reported that stress caused an upward trend in the level of this enzyme [11] . Figure 3 A shows that, compared with the expression level of 22.9 ± 3.8% in the control group, that of animals in the stress (+)/H 2 O group increased to 39.9 ± 2.6%, and this difference was significant. Furthermore, this increase due to stress exposure was reduced to almost control levels, 23.9 ± 2.5%, by LvEO treatment. This supports the notion that LvEO helps to eliminate the impact of stress exposure. When LvEO was administered to stress-free animals, however, although not statistically significant, a slight increase in expression levels was observed, suggesting that LvEO acts as a stressor.
BDNF, brain-derived neurotrophic factor, together with NGF, are neurotrophins, and are essential in the genesis, maintenance, and growth of neuronal cells. In recent years, its association with the pathogenesis of numerous psychiatric impediments, such as depression, anxiety, substance abuse and PTSD, has attracted worldwide attraction. In contrast to our expectation and the findings of many previous studies showing that stress decreases the expression levels of this protein [21] [22] [23] , the levels in our experiment remained unaltered, irrespective of the presentation of stress or of LvEO inhalation. One plausible explanation for this discrepancy is the difference in time frame for stress exposure. In fact, according to some studies, the differences in mode or duration of stress administration changes the pattern of BDNF expression [24, 25] . Marmingere reported that the BDNF peptide was significantly augmented after 180 min of stress exposure, whereas at 300 min, levels were similar to those measured in control animals. Different amounts of time for inhalation, 90 min in our experiment with LvEO versus 24 hours in Masuo's study with coffee aroma [11] , Water Immersion Stress(＋)
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In summary, the present data, together with previous findings, confirm that changes in expression levels of particular genes and proteins responding to stress can be used to understand the impact of an inhaled essential oil. Furthermore, with regard to LvEO, it was shown to attenuate the impact caused by stress, but under stress-free conditions, can also act as stressor that triggers anxiolytic-like effects. To our knowledge, this is the first study to suggest that an essential oil or its aromatic compounds may exert a bidirectional influence on the central nervous system of animals. Further studies with changing type, duration and intensity of stress, or oil inhalation conditions, will allow understanding which factors determine the direction of its effect. To obtain an outline of the impact of stress and essential oil inhalation, we performed expressional analysis using the whole brains of animals. However, expression of the genes and proteins used in the analysis and their responses to various stressors are known to be region-specific. Therefore, performing analysis by brain region is necessary in the future in order to elucidate the molecular effects of essential oils that lead to specific behaviors.
Experimental

Samples (lavender essential oil):
Essential oil from Lavandula officinalis was obtained by steam distillation of flower heads gathered in France, and was purchased commercially (Greenflask Co., Ltd., Tokyo, Japan). Samples were analyzed by gas chromatography-mass spectrometry (GC-MS) and GC-flame ionization detection (GC-FID). Qualification and quantification of the sample were performed and the results obtained are summarized in our previous report [5] .
Animals: All procedures and experiments in this study were carried out in accordance with the guidelines for the care of experimental animals, and were approved by the Animal Research Committee of Toho University, Japan. Male ICR mice (Clea Japan, Tokyo, Japan), aged 5 weeks, and weighing between 30 and 45 g at the onset of each experiment were used. Animals were housed individually under standard temperature conditions (24±2°C), and were maintained on a 12 h light/12 h dark schedule (lights on at 08:00 AM) with ad libitum access to food and water. The animals were allowed 7 days to acclimatize to the housing environment before the beginning of experimental treatments.
General procedure (stress challenge process and inhalation of essential oil):
Animals were randomly allocated to 4 groups: stress (-)/H 2 O; stress (-)/LvEO; stress (+)/H 2 O; and stress (+)/LvEO group. Five and 4 mice in each group were used for behavioral and expression analysis, respectively.
1) Stress procedure:
Water immersion stress was applied to the animals assigned to groups 2 and 4. The animals in these groups were deprived of rest and sleep for 24 h by being housed individually in a cage submerged with water at a depth of 1-2 cm, whereas animals in groups 1 and 2 were maintained in a cage under regular conditions for the same period. Water and food were available ad libitum for all animals regardless of group.
2) Inhalation of essential oil: After 24 h of the stress procedure described above, each animal was transferred from its cage to a 5 L glass container (L100 x W250 x H250 mm) under 200 lx, and was acclimatized for 30 min. A piece of filter paper (GE healthcare Japan, Tokyo, Japan) was then set on the upper side of the glass container, to which the sample essential oil was introduced at a concentration of 4 L/L air. Water, at the same concentration, was used as a control and was applied to the container of animals in groups 1 and 3. Mice were maintained in the container and exposed to either essential oil or water for 90 min.
Behavioral analysis (elevated-plus maze (EPM) test):
Behavioral responses were assessed in the EPM test and a total of 20 mice, divided into 4 groups as presented above, were used for analysis. Full descriptions and procedures of the test may be found elsewhere [26] . Briefly, the plus maze, consisting of 2 open arms (30 x 5 cm) and 2 closed arms (30 x 5 cm) with a wall (30 cm in height) connected by a central platform (5 x 5 cm), is arranged at a 50 cm height from the ground. The animal is allowed to explore freely the maze for 10 min and its exploratory behavior is continuously recorded using an attached camera placed over the apparatus. Time spent on the open arms (s), percentage time spent on the open arms (%) and total distance travelled (m) were quantified using ANYmaze (Stoelting Co., Wood Dale, IL).
Expression analysis 1) Dissection of brain:
Immediately after inhalation, mice were decapitated, and whole brains were removed. For each group, 4 whole brains were collected, divided into right and left hemispheres, and used in RT-PCR and immunohistochemical analysis, respectively. Collected samples were immediately flash frozen in liquid nitrogen and stored at -80°C until they were to be used in subsequent analyses.
2) Total RNA extraction and RT-PCR:
Total RNA was isolated from the finely powdered brain samples using RNeasy Mini Kits (QIAGEN, Tokyo, Japan), according to the manufacturer's instructions. Final RNA concentration was determined spectrophotometrically (NanoDrop 2000c; Thermo Scientific, MA, USA) and purity was determined by formaldehyde-agarose gel electrophoresis (MupidAce; Advance, Tokyo, Japan). Total RNA was then reversed-transcribed into cDNA using an AffinityScript QPCR cDNA Synthesis kit (Agilent Technologies, CA, USA). To amplify gene-specific sequences, PCR techniques were applied using 10 µL of EmeraldAmpPCR Master Mix (TaKaRa, Tokyo, Japan) with 1 µL of specific primer sequences, summarized in Table  1 . The PCR procedure using GeneAmp PCR System 9700 (Applied Biosystems, CA, USA) included initial denaturation at 97°C for 5 min, followed by amplification cycles consisting of 95°C for 45 s, 55°C for 45 s, and 72°C for 1 min. An additional extension step was performed at the end of the procedure at 72°C for 10 min. Samples of PCR products were run on 1.6% agarose gels with ethidium bromide, and electrophoresis was performed using Mupid 2X (Advance) at 100 V for 30 min. ChemiDoc XRS+ powered by Image Lab Software (BioRad, CA, USA) was used for the visualization and calculation of each band. 
3) Immunohistochemical assay:
 Preparation of paraffin sections: Thawed brain samples were postfixed in 10% formalin for 48 h at 4°C. Specimens were thoroughly rinsed with phosphate-buffered saline (PBS), pH 7.4, Efficacy of inhaled lavender oil on stress-induced changes in mouse brain Natural Product Communications Vol. 7 (11) 2012 1543 and dehydrated through a graded ethanol series. Following this, specimens were immersed 3 times in xylene for 2 h at 4°C, and a mixture of xylene and paraffin (1:1), once at 37°C, and twice at 58°C. Infiltrated samples were then embedded into a wax block, which was sliced at 10 m using a microtome; the sections were carefully placed on glass slides.
 Immunohistochemical staining: Sections were de-paraffinized with xylene and rehydrated through a graded ethanol series. After rinsing with distilled water for 30 s, sections were immersed into PBS for 30 min at room temperature to complete rehydration. Antigen retrieval was carried out by boiling the sections in 10 mM of sodium citrate for 20 min, followed by cooling to room temperature. To quench endogenous peroxidase activity, sections were pretreated with 3% hydrogen peroxide/methanol solution for 5 min. Sections were also preincubated with a blocking solution (Funakoshi, Tokyo, Japan), normal goat serum diluted with PBS containing 1 g/L Tween 20 (PBST) at room temperature for 30 min. Primary antibodies, GLK1ab37796 (Abcam, Cambridge, UK) and BDNF H-117 (Santa Cruz Biotechnology, CA, USA) were diluted in incubation solution 100 and 200 fold, respectively, and were applied to sections for incubation in a humid chamber at 4°C for 24 h. After rinsing sections with PBST, biotin-labeled secondary antibody, diluted with incubation solution, was added and incubation was carried out at room temperature for 60 min.
Following the removal of excess antibody with PBS, sections were then incubated in avidin/biotin complex (ABC) reagent (VECTASTAIN Elite; Vector Laboratories, CA, USA) at room temperature for 30 min. Immunostaining was developed by applying diaminobenzidine (DAB) substrate solution to sections for 20 min. Cresyl violet (0.1%; MP Biomedical, CA, USA) was applied to the sections for 5 min in order to counterstain neuronal nuclei. After rinsing with tap water, sections were dehydrated through a series of graded ethanol and exposed to xylene for infiltration, followed by mounting with Entellan Neu (Merck, Darmstadt, Germany). Slide images were examined and recorded with a microscope (DIGITAL SIGHT DS-L2; Nikon). Cells stained reddish violet were counted as Nissl stain positive, while those stained brown were counted as immunoactive cells that express either GLK1 or BDNF. Any cells that were ambiguously stained were excluded from analysis. Data are expressed as the percentage of protein-expressing cells that were also stained by cresyl violet per unit area (50 m 2 ) in the hippocampal dentate gyrus region.
